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NATIONAL ADVISORY COMMITTEE ¥FOR ARRONAUTICS

ADVANCE CONFIDBNTIAL REPORT

DEVILOPMENT OF THERMAL I0N-PREVENTION EQUIPMENT
' TOR THE B-24D AIBPLANE

By Alup'R. Jones and Lewii A, Bodert ‘
SUMMARY. .

A thermal lce-prevention system for the B-24D alr-
plane has been developed at the Ames Aeronsutical Labora-
tory of the Ndticnal Advisory Oommittee for Aeronautiecs
in cooperaticn with the Materiel Center of the Army Alr
Forces and the Uovnsolidated Ailrcraft GCompany. The subJect
report includes a descripticn.of the deslgn and an out-
line of the method of deslgn analysis. Results of per-
formance tests of tho installation are to be presented in
e supplementary report.

The thermal i1ce-prevention system 1s based upon rals-
ing the tomperature of the surfaces to be protected from
lce formntiens by eubjecting the inner faco of the surface
to a stream of heated alr. Tho sourcos of heatod air are
four oxhauset gas-air hecat exchangers, one on each engine.
L doublo-skin type of constructior was employod fer tho
wings and tmell surfacos, and doubie-pane construction for
the wlndshilclde. The hoatod alr is ceused to cireulate
by tho dynamle presaurc of the alr stroam.

L doslgn analysis is presonted in a gonoral form, as
a possible outllino for future computatlons, and is 1llus-
tratod with sample cnlculations from the B-24D airplane
analysais.

INTRODUOTION

In cooperation with the Materiel Center of the Army
Alr Forces, the Consolidated Airecraft Company, and sev-
eral equipment manufacturing companles, the Ames Aeronau-
tical Laboratory has designed, installed, and tested in
-flight thermal ice-prevention equipment on the B-24D alr-
plane. The work was undertaken at the request ef the
Haterlel Oenter in order to relieve the aviation industry



of some of the design and development work which 1s re-
gulred in the introduction and applicatlon of the thermal
methed of ice prevention. It wae desired that the equip-
ment be developed eso that productien could be undertaken
at once by the airplane manufacturer. Attention, there- -
fore, .was given in the design to service, welght, produc-
tion possibllities, and other such featuree. Mr., Howard .
F, Schmidt, Consolidated Alroraft Company represontative
at AAL for this project, contributed matorlially in the do~-
volopmeat.

Tho rapldity with which the projoct was undortaken
and comploted wase duo to the interest and cooporation
givon by all of tho intorosted agoncios.

DESCRIPTION OF THE ICE-PREVENTION EQUIPMENT

The B-24D alrplane 1s shown in figure 1. The airplane
is a high-wing, tricyocle-gear, heavy bomber powored by four
Pratt & Whitney S3C4G engines, rated at 1100 horsepower. An
oexhaust-gas-driven onglno cuporcharger 1s locatod in ocach
nacolle. . .

The gonoeral layout ef the hoatod-alr anti-icing systenm
designed for the B-24D ailrplane is shown in figure 2.
Foated air 1s obtalned fronm m exhaust gas-alr heat ex-
changer in each nacelle. After passing through the ex-
changer, the alr 1s directed to the various regilons to be
heated by a system of thin-wall ducts. The dynamic pres-
sure of the air stream gugmented by the propeller provides
the source of energy for the clrculgtion of the heated air.

The design of the thormal ice-prevention equlipment
for the wing outer-panel leading edge (stations 335 to
626, fig. 2) 18 shown in figure 3. A-spanwlse duct 1s
formed 1n the wing structure by placing a baffle at 4.5
percont of the wing chord, and the heated alr from the
outboard heat exchangers 1s carried to thils spanwlise duct
by the feur-branch pipe system shown in figure 2. The
corrugatod inner skin and the outer skin form a serlos of
chordwlse passagee for the heated sir. The air onters the
passages through a gap in the corrugatlions at the wing
lopding edge and flowse along the top and bottom innor sur-
faces of the outer skin to the terminatlon of the corru-
gations at tho front spar (fig. 4). A eories of reinforcead
holes in tho front and rear spar webs allewe the alr to



pass through the wing interior and out into the alleron
slot region. The outor pancl leading odgo, réady for in-
stallation on.the airplane, 1s shown in figure_s. .

At the wing tip (fig. 6) the air, aftor having passod
through tho leading-edge systom of the wing outor panel,
18 allowod to pase into the forward portlon of the tip and
is thon mado to flow betwoon tho outor and .-inner sekins.
A1l of ‘the wing-tip hoatod alr leaves the wing on the up-
por surface, in front of the navigation light.

Tho thormal.ido-prevention cquipmont deslign for the
wing inboard-panel .leading edge (statlons 164 to 275) 1e
shown in figure 7. A pertion of the heated eir at each
inboard exchanger ‘outlet 1s diverted to the inboard-panel
leading edge, as shown in figure 2. The air enteres a
triangular-section spanwige duct located at the front-spar
lower flange, which runs the entire length of the linboard
panel. The alr 1s allowed to enter the chordwise passages,
formed between the euter skin and an inner corrugated skin
which 18 continuous around the leading edge, through a
small gap at the bottom of the triangular duct. The corru-
gatlon passages are sealed at thelr upper ende and the alr
passes into the outslide boundary layer through 1/2-inch-
dlameter holes in the outer skin. Circulation of the heat-
ed alr ineide the wing i1s normally desirable, but was not
feaslble 1ln the case of the inboard panel because of the
wheel-well cut-out in the lower skin. The inboard-panel
leading edge during inetallatlion on the airplane le shown
in figure 8.

In additlion to supplying the inboard wing panels, the
inboard heat exchangers also furnish air for the empennage
group and windshlelds. The duct system in the wings and
fuselage 18 shown 1In flgure 2.

The thermal ice-preventien equipment design for the
empennage group 1s shown in filigure 9. The heated alr 1is
passed through a 4-inch-diameter tudbe mounted spanwise 1n
the etabilisger leading odge. (See fig, 10.) 4 small slot
was cut in the duct botween stablliger ribds and the thin
duct wall bent lnward to form a scoop as shown in theo slot
dotall of figure 9. A second skin waes attached around tho
stabllizoer loading odge, oxtonding 12 inches from the lead-
ing ocdge on tho top and bottom surfaces. Chordwlso spacors
were employed to malintaln a oonstant gap of about 0.051
inch betweon tho two leading-edge skins. All lightoning
holes in the front spar were soaled with metal platos. A
rortlion of tho heated ailr in the spanwise supply duct passos



through' tho 8C00D" alota 1n the duct, through holes 1in tho.
londing ‘edge of tho 1nner ekin, botwoon tho two ‘akins in a
chordwise é&irection, and ‘over the upper and Yower surfdces
of the stablliger behind the front spar.  The. quantity_of

heatéd -air remaining in the supply duoct 1s discharged ‘from
the duot at the stablliger tip and passes through holes in .
the 1nboard skin af- the fin 1nto the fin plenum chamber.

: The fin plenum chamber 18 a’ segled region.Ibgqu by
plagcing baffles between the webs of the fin ribs, and pro-
.vides a practicael method for passing the heated alr from
the stabllizer to the fin, The plenum chamber is shown
in figure 11. The fin thermal ice-prevention equipment
design 1s similar to that of the stabilizger. 4 second
skin was wrapped around the leading edge to a distance of
9 inches from the leading edge, and spacers were employed.
to provlde. a constant gap between sking of O, 0625 inch, °
Two 3~inch flexibdls ducte with outlets at the ends only-
wore fastened to the plenum chamber to direct the ailr to
the' top and bottom ef the fin. Lightenlhg heles in the
front spar mnd. the two end ribs (ees flg.-9) were scaled
in order to retaln all of the hesated air in the loading-

odge roglon and force it through the- double-skin gap. Tho

empennago- group, revieed for ‘thormal ice-brevuntion and
installed dn the.- airplane, 15-5hohn 1n figure 12. :

The thermnl ice-brOVention equipment for the wind-’
ghlielde is shown in figure 13. Protection is provided for
both the pilot's and the copilet's windshields, and the
heated-air-supply ducting 1s shown in flgure 2. "The wind-
shield design conelists of an inner Plexiglas pangl, read-
11y removable in-flight and spaced uniformly 1/8 inech from
the: outer panel, and sn entrance and exit header for the
hoated air. The heated air flows spanwlse a¢ross the
windshield, from the inboard edge outward, and exhausts
from the exilt header to the outside air stream through
slotse .¢ut ‘into the forward edge of the alde window, ’

The "'exhaust gas-alr heéat exchangers were designed
around an existing portion of the exhaust-gas tall-stack
locateéd ‘on the. bottem of each nacelle betweon the colloc-.
tor ring and the turboeupercharger. BSovoral hoat oxchang-
ors of tho oxtendod surfaco "typo (having plng or fins .pro-
truding into both tho - oxhaust-gas and hoated-alr rogiéns)
hava boon tostod on tho airplano. Figurc 16 shows crno of
tho typos tdstcd. c ’

1n addition to tho finned tube, the hest exchanger




conslets of an aluminum intake ssoop (opening, 3 by 6
in.), a stalnless-steel shroud around the finned region,
~and-an outlet..manifold. The outlet of each inboard heat

" exchanger. includes a right-angle bypass, with a butterfly
valve; for the purpose of supplying and controlling heated
ailr to the wing inboard panels. One of the heat exchang-
ers 1e shown installed in the airplane in figure 17,

Oontrol  6f the thermal iee-prevention system was ac-
complished by locating an eleetric motor-operated dump
valve in each nacelle near the heat-exchanger outlet.

(See fig.'18,) The eperating mechanisms for the inboard
dump valves were exteénded to include the butterfly valves
in the dinboard-pangl supprly ducte. Theo controls for each
‘nacelle are independent; they are located within reach of
the coplilot and are connected in such a manner that the
dump valves are always either fully opem or fully closed.
The diestridbution of heated alr in tho wing outor-panecl
sBupPly ducts can bo varied by means of three duttorfly
valves in ocach wing,.loeatod in tho throo inboard (eta-
tions 368, 450, and 515) hoatod-air supply ducte noar the
front spar. These valvos are adJjustable whon the alrplane
s on the ground. The quantity of alr directed to the
vindehiolds 1s controlled by a butterfly valve in the sin-
gle supply line running forward in the fuselago. This
valvo 18 normally in a fixed position, dut it 1s accossl-
vlo to orow mombore. Theroe ars no valves in the empennnge
honted-alr supply linocs othoer than the inboard-nncelle
dunp valves.

DESIGN ANALYSIS FOR THERMAL ICE-PREVANTION ZQUIPMENT

A deslgn analysis of the thermal ico-preventlien oquip-
ment was prepared to establieh the dimonsions of the heated
alr passagos and duots roquirod to produce the desired tom-
poerature, alr-flow distributions, and prossuro drops. The
gonoral prooodurc followod in the ananlysie 18 outlinod in
the following pages, wilth the various steps numbored. A
briof discueslion of the pertinont data associatod with each
stop 1ls proescentod, and actuaml computations from the B-24D
alrpland cecnlculations arce proecntod as oxamplos.

Tho following notation was used in the analysis:
A cross-sectional nrroa, square foot -

8 surface aroa, squarc foot
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;total héat flow, Btu per hour R '_”rﬂ

L. uynit heat flcw,_Btu per: hdur per unit length of span

:-surface heat tranafer ccefficient Btu. per bour,

square feet PI T

':temperaturc!'of'

tenperature,.oF abcolute

_ weight rate ‘of air flow. poun&;per hour

. unit weight rate of air flow, pounds- per hour per unit

1ength of span .

. o'
specific heat sf alr,- Btu per pound, F

" absolute viecosity of air, pounds per second. foot

thormal conductivity of alr, Btu per hour. square
feet, °F-per foot ' :

'weight rate of alr flow per.unit of cross-sectional

aroa, pounds per second, square feet
atatic pressure, pounds per square foot
thickness of gap between aurfcces. foet
length of air Passage or: duct feet

hydraulic rndius. or ratio of cross-sectional area
to wetted perimeter in 8 duct feet

equivalent disameter of a duct, equgl to 4m, feet

. specific volunme, cubic "feot pér pound

gas constant (53.3 for air)

. 2
acceleration of gravity, feet per second

friction coefficlent for alr flow in ducts
distance as measured around wing leadlng edge, feet
alrplgne 1ndicated alrspeed, miles per hour

chord, feet




Subecripte:
av refers to average conditione

1, a3, 3, etc. are employed to define surfaces or alr
spaces and used as subscripts to lndlcate temper-
ature differences, heat flow, and heat-transfer
coefficients. Thus the heat-transfer ccefficient
botween & given surface (6) and ad Jacent air (2)
wculd bo written  hg g

A few pymbols used in the analyels are not presented
in the netatlon because they do not appear throughout the
calculations and because their meaning is much clearer 1if
defined at the place of their use.

The analyslis was based on an assumed airplane 1indicat-
ed alrepeed of 150 mliles per hour at 18,000-feet pressure
altltude.

Step 1, Aggumptlion of free-gir temperature.- Most
cases of’ airc:aft icing occur between the temperatures eof
0° and 32° F. TFor the B-24D alrplane anglysis the value
of 0° F-wae assumed.

Step 2, Aggum p ng of average tempergture at which
tho hoated surface 1s £o be mgintgined.- According to ref-

erence 2, paragraph D-6b, the tempsrature rise ever the
forward 235 percent of the wing chord must be at least 70° F
sbove ambient air, and the rise between 25 and 75 percent
of the cherd must bo at loast 20° F above ambient air. Di-
roct heating of the leadlng edge for 25 porcent of the
chord 1s difficult to obtaln in certaln designs, and in
such cases the agsumption 1e made that by heating directly
A smaller portion of the loadlng odge (say 10 to 15 peor-
cent) to a temporature riso of 100° F (instead of 70° F)
and thon dlecharging the hoated alr to the remalnder of

tho wing, the spoclflications of reference 2 can be satle-
fied. The Lockheed 124 of reference 1l 1s an example of
thie compromise in design which has proved capable of
providing ice preventicn. Direct heating was provided

for the forward 12 percent of the wing, ralsing the wilng
temperature approximately 100° ¥, and the heated air was
discharged from the leading-edge region and circulated
through the remalnder of the wing.

. Direct heating of the B-24D airplane wing was limited
to the forward 10 percent because the location of the front




spar at that point probibited further extenmslion of the
corrugated inner skin. The corrugated region of the skin
wee subject to thermal analytical treatment, The hented-
wing deeign was based upon a 100  F temperature rise ever
the forward lO-percent-chord reglion and an lndeterminnate
temperature rise over the remalnder of the wing. A tem-
pernture rise of the wing after-portion will ocour because
of tho heated boundary layer, and the diescharge alr. from
the leading-sdgo eystem. In the case of the wing outer
prnel, the heated alr was dischnrged through tho  front spar
nnd circulated in the wing interior, similar to the Lock-
hood 12A alrplane design. Tor the inboard panel, however,
the hoated alr could not be circulated 1n the wing interil-
cr, The heated air was therefore released to the boundary
layer on the upper surface ahd carried back over the wing.
The stablliger and the fin were treated in a manner simi-
lar to the wing inboard panel, with the exception that the
heated alr was discharged over both surfaces of the air-
foill sectlions. The double-skin system for the empennage
was dlctatod by the simplicity of the revislons required
cn the exiating empennage, and the deslirabllity of produc-
Ing a suctlion at the heated-alr exit to ald the heated-
alr flow. The horizontal stablllizer leadlng-edge skin
temporature was raised 90° P, and the fin leading-edgo
skin temperature was raleed 70% F in the design: This
heatling ¢f the smpennage surfaces should bo adogquate bo-
cause the dlscharged alr frem the loadlng-edge.system 1s
effectively distributed over both sides of the alrfoil.

Step 3, Onlculation of the heet-tra u_tg_Lg_oe_fficien_t
botwecn tho wing spurfacc gnd the.smblent gir.~ With tho
temporature dlfforence bctwcen the wing skin and tho ambi-
cnt air ostablished, tho quantlty of hoat romoved from theo
wing skin dopcnds upon the outer-surface hoeat-trsnsfor
coofficiont. Tho coofficient can bo ecalculatod from the
data in roforonco 3, although thie method involves somo
crror becauso of tho low Reynolds number at which the tosts
woro mado. Anothor mothod of detormining tho hoat-transfor
coofficiont, basod upon tho rolatierd botwoon hoat transfor
and viscous drag, 1s presented in reference ‘4. For the
B-24D airplane analysis, the deta in reference 3 were em-
Pleyed by extrapolating in the equation

B" = pt o' Vi_&i) (i)
el \TT ¢! :

where the first prime refers to values from reference 3,
the second prime to values for the B-24D anaglysis, and n



16 a cohstEAL ‘dependent upon the portlon’df the wing cdhord
under considdrationand the angle of attdtk of the airfoil.
The ,effect of changes in altitude upon the value of the
hdat-transfer-dosffictent . "{h) hhe bedn-conderviatively
‘f’negleuted 1d:the dérdvation:of equation:fl)i ~In the case
‘of thé B-24P .wing:outer ‘panel; -the deslgn.analysis was
bneedﬂupoh supplying emough. heat to the. wing forward of the
.front spar, to:produce the-100%: 7T rige, of step 2. .The Vvalue
6f.-1nr forigyuation (1),. therefore, was:ebtained from table
-+, reference 3y correqund%ng to. the forward soeetlon of an
'airfoil at- nppraximately 2"-sangle,  of attask;: The design
indicated alrepeed ., (V" =150 mph) .and-the:¥arieus values
of outer-panel chord (") woere substituted in equation
- (1) %5 -Drodsge the values of: h- "plepbed.in figure 19,
The sunbseripks employed:in: figure 19 arse usad in the manner
explained:under Notatlon and-refer te theqnggipne and sur-
faces: shown.1in sepntlon A-A, .figure:20,:. ’

¥ S

Step 4. Caleulatien of the total néat fiow from the
‘¢ritical design surface.- In order to estimate the quentity
of heat that must be supplidd to the thermal ice-prevention
syetem to produce the required temperature riee, the total
-hoat- flow from the d@slgn critical surface must be calculat-
.ed. by eguatlen A - « . e b

Qor = (B ),y Bt ;) 0 - (2)

(See esquation (1), p. 136, reference 6.) For the B-24D
alrplane-wing outer nanel, the design surface was the en-
tire- wouter-pansdl sturface faorward of the front spar. The
diatante around:tho wihg leading edge from top to bottom
' 0f the frent. spar 1s shown in flgure -19,. and the average
value. for the -outer.-panel multiplled- by the panel span ro-
»pultod 1lm: d surifaco ‘arsa of 45.38 'square: feet., JFrom fig-
‘'ure 19,'1hav for they outor.: panel L 13 Btu por heur, squaro

foet, °F. Thon N R ,

2 xfge_t'= ia,x 453 X 1no = B, ooo 8t per houf

- . - .
. v

T -;_ . " .' -

.. ot . .e .
- ho. Availablo in ﬁhg gggygd air to ‘insurd the .nocessary
hont fiow g_igg_gg_igggﬂ— Tha,. quantity of hoat that must.
. be- supplind. tia the design surfaae A taken ta be from two
to four times-"the heat flow from that surfacs, depending
upon the amount of heating the air i1s expected to deliver
after leaving the lesding-edge reglion. In the B-24D outer
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" panel- the total heat to be eupplied to the 1eading-edge
regibn wae assumed to be 200, OOO Btu per hour.'

r

nign temperature riae through the heat exchgnger 1s usually
_.determined by the maximum temperature allowable for the

. heat. ezchaﬂger and heated-air-duct materials, and poseible
effects of elevated temperaturee on the airglane primary
_stricture., A heated-air temperature of 300  F at. the- ex-
changor putlet was, considered. to be a reasonable and safe
design value for the B-24D airplane,

: Stop 7, Onalouletion of the. rate weiesht of air flow
roquired.- The quantity of air that must pass threugh the
heat oxchanger in a given time, with a temperature riso
establlished by step 6 in order to praduce the avallable
heating of step 5, 18 dotermined by

W = ;
ep 4t ’ i ) (3)

where At 1s the heated-alr temporaturc rise in °F, For
tho B-24D outboard hoat oxchangera useing the value of cp
from flgurse 21,

W = __200000

= 2730 d '
0.24 X 300 2 pounds por hour

Stop 8., Doslen of the heated alr passagos.- The do-
slgn procedure employed was to divide.the wing surface
into unit strips running chordwise and consjider the heat
flew for a suffiélent number of stripe to define the wing
heating. The wldth of the diviasion strips for the outer
wing panel was taken as 1 inch, or the  spanwise dlestance
covered by a single oorrugatien.

A f 3 a ivid-
ual chordwise gtripse.- The heat flow from the outer-sur-
face ares of egch strip considered ie determined by appli-
catlon of steps 2, 3, and 4 1p the same manner as employed
to determine the total heat flow from the total eritical
surface. The single corrugafion.strip at.the inboard edge
of the outer wing panel (station 235) will serve as.an ex-
ample, The heat flow from the outer surface,
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Qg-7 = Bg—7 bgvr 12 (4)

he., = 11,6 Btu per hour, square feet, °F (fig. 19)

8 = 2,45 feot (fig. 19)
t = 100° F . _ . (step 2)

Gemr = 11, 5 X 1oo X 3*15_7 237 Btu per ‘houy

.

§1gn_1ﬂa__§;nuﬂnjLnn_ni_xﬁis_i_gLgta_hn_ina_g__hﬂgiai
alr.- The distribution of the heated air to the various ailr
passaged 1s determined by trial and error, consideration
being gilven to such factors as thoe larger heatling requiro-
mont at the wlng root, tho ilncroased surface tranmsfer coef-
ficient nt the wing tip, and the pressurc drop in the alr
ducts and passages. The final welght distributlion wkich
proved setisfactory in the airplane anzlysls was to eupply
the alr .to the corrugatiens in- quantitlies invorscly propor-
tionanl to the square root of the distance around the lead~-
ing oedge, or

= Sav (5)
w Vav s

Tho B-24D sirplano-wing outer bnnel has 291 corrugn-
tlone; thorofore tho value of w at station 335,

w = 2780 1.87 _ 4.1 pounde por hour

2 X 291 2.4b6

Step 11.- Canlculption of the temperature 4drop of the
heated air in th W .- The quantity of air

flowing in esach passage and the heat removed from the alr
having been established, the temperature drop of the heat-
ed alr can be calculated ‘by applyling an adaptatlon of equa-
tion (3). Tor the corrugation at station 335,

qe ” 237 g%
t, -~ %, = = = = 11
3 2 Cp W 2 X 0.24 X 4.1

N ¥
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Reynolds number of the heated alr by changing the alr-pas-
gage dimensions until a heat-transfer coefflclent for the
inalde of the passage 1s produced which will supply the
necessary heat to the outer skin, with the average teompera-
ture of the alr in the passage determined from step 1ll.

The Reynolds number for the flew of the heated alr is ox-
pressed: -

G Dg

'Ré = " (Bee pp. 99 and 235, reference 5.)
The heat-transfer coefficlent for the inner surface
of ‘the passage leg determined from empirical data ahowing

the ‘varliation.of the Nusgelt number with Reynolds number
where the Nusselt numbear :

Hu = Eﬁgi (8ee p., 96, reference 5.)

Bmpirical data which havo proven satisfactory in deo-
termining the alr-passage hoat-transfer coefficlent arc
prescnted in figure 65, referonce 5, and the rescemmendod
curvo AA from tho figurc has boen roproduced in figuroc 22.
Th: data dotermining tho.curvo AA in figure 22 aro dircet-
ly concurnod with fluld flow 1n circular ducts, but expo-
rience has shown that reasonadly accurate calculations
for ducts of nonclrcular croass sectlon can be based upon
the curve AA, provided the departure from g circular cross
section ie not too severe, In designs where the air pas-
snge conslsts of two parallel plates, such as the empennage
and windehield deslgn for the present airplane, the empir-
lcel data presented 1n figure 7 of reference 6 and repro-
duced In fizure 22 are recommended. These datg are plot-
ted on the baeis of the gep width 4 g8 the equivalent
- dlameter Dg, and thelr comparisen in flgure 22 with the
roconmended. curve AA from referance 5 roveals the error
that can be 1ntrcduced by aepplylng curve AA to alr pas-
sagee of nencircular scection.

In tho caso of tho B~24D airplanoc wings, the heoat-
transfor coofflclont insldo tho corrugation air passagcs
was bnscd upon curve AA, figuro 22. Considoring tho singlo
corrugation at strtlon 335,

w 4.,
= = = 1,49 pounds por socond,
3600 A 3800 x 0.000765 P gqunfg foog "
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Tho hydraulloc, Tadius -of the alr passage (soe corrugation
dotall-in fig. 8) 1e equal to 0.0043 foot. With tho valuo
of W from figure 21, " : coT

G Dg _"1.49 X 4 X 0.0043 X 30° _ 3419

From cubipfll. figu?g 22, for Ro = 1710,
~Nu = Ea:%.ﬂﬁ = 7.6
From figiro 2Y¥, -k = 0.0162, and thoreforo,

ha—ﬁ - 7.6 x 0.0162 _ 7.3 Btu por hour,
4 x 0.0043 gquaro foot, °F

Tho Avorago tompﬁraturo of tho air in roglon 2, assuming
tl = 30.00 Fn
) 118

& = 300 - —5— = 241° F
aav 2

The quantity of heat flow to tho ekin thon bocomos

il
>3
x

£ x (% -t
12 ( aa )

Qa-s a-e6 v 6

2.45
B X = X
7 12 141

L]

210 Btu per hour

This value of qg—g 18 in satisfactery agreement with the
value of qg., equal to 237 Btu per hour determined in

step 9. The thermal deslgn for the wing inboard panel and
the empennage was made in a manner similar to that used
for the outboard-panel design, and the results are shown
in figures 20 and 23.

In the case of the B.-24D airplane windshield, suffil-
cient data were hot avallablée to determine the hest-
transfer coefficlient from the outer surface. Steps -2, 3,
and 4 of the design precedure were replaced by the assump-
tion that a heat flow from the outer surface of 1000 Btu
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per hour, square feet would be sufficlent to provide 1ice
preotection. (Bee p. 8, reference 1.,) Further necessary
assumptlions were the temporature of the windshield outer
panel, assumed to be 50° ¥, and the temperature of the air
entering the gap between the panels, assumed to be 150° F,
The design was then cempleted by assuming different quan-
tities of alr flow end valuee of gap sige until s combina-
ticn was found which would produce the required outer-
panel heating. The results of the windshield analysels are
shown 1in figure 20. The desired temperature rise for the
critical surfaces having been established, the pressure
drsp in the eir passages and the deslgn of the heated air-
supply ducts to obtain the necessary welght of flow distri-.
butlon are examined. Unless an alr pump of some sortv 1ls
incorperated in the thermal anti-icing syetem, the circu~
lation of the heated alr is dependent upon the total en-
ergy of the alr at the hest-exciianger inlet. 8Secondary
frctore which may be considered to ald the propulsian of
the Alr through the syetem are the ~dditlon of energy to
the alr in passing through the hoat exchanger and the lo-
catlon of the air outlet at a point of iow pressuro. For
tho B-24D thormal ice-provontlon syetem, tho enoergy effoct
in the hoat oxchAangor was neglectod and a prossure drop of
5 inchos of water, or approximantely one-half tho valuo of
tho dynamic proesure for tho doslgn indicatod epced of 150
milecs per hecur, was nesignod to the hont exchangors. In
ordor to obtaln tho wolght dletributlon of alr doseired in
the surfanco-honting cnlculntions, tho prossuro droep must
bo oqual rlong all hoatod srlr pathe, from the hoat-
oxchangor outlct to tho nir oxit from the wing. Tho gon-
oral dosign progoduro is to canlculatc tho pressuro drop
roqulrod in tho various alr passagos nnd thon dosign tho
supply ducts to produco equal prossure drop in all eof tho
poesible alr pnths,

Tho prossure drop in the heated air passages and the
supply ducts was calculated by the equation

3 3
G -
P, . P, = (vs v,) N fav NG° vou (6)
g 2 gm
(equation (35), p. 130, reference 5), where the subscripts

1 and 3 represent the extent of region over which the
ressure drop 1le calculated, The first term ef equation
6) was found to be negligible in this case and there-

fore dropped from the equation. Data from which the fric-

tion factor f,y Day be obtrlned are presented in flgure
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24, ihicﬁ 1 n reproduction of figure 8, reference 6. The
eurve 'An figure 24 refers to flow in cirocular. pipes, and
the data plotted in the figure were obtained in. model
tests with alr flow in a narrow gap between parallel pur-
facos. Figure 24 was employed in the analyeis in the samo
mannor ‘ag figure 232; that 1s, the curve for circular ‘pinos
was used whon dotermining. £ for ther corrugated alr pas-
eagos and supply ducts, and the plotted datm wers usod
whon dctormining £ for air flow in tho ompennago and
windahiold £aps. .

Oongldoring a single corrugation qir passago at stn—
tion 335, outer wing Panel,

RT 53.3 x 701 x 2 :
Vav = = 3116 m 35.4 cublc feet per pound

The statlc pressure at 18,000 feet was used 1n.ca1cu-
lating the epecific volume.

G D¢ 1.49 X 4 X 0.0043 x 10°

Re = -- = 1710
\ n : 1.6 . _

fgv = 0.0094 (from curve in fig. 24)

n =2 =1.22 fest
2

G = L4 = 4.1 = 1,49 pounds per second
8600 A 3600 x 0.000765 P ,quarﬁ foot ’

m =

0.0043 foot

Presgure drop from region 1 to region 3,

NG? . X 1.22 X 1.49% x 35,
P, - B = fﬂt va‘I o 0.0094 1.22 1.49 5.4
2 gnm - 2 x 32.2 X 0.0043
h P, = 3.3 pounds per' or 0.6 inch-efrwatera.

square foot

Extension of the pressure-drop calculations to other cor-
rugation alr passages 1n the wing outer panel indicated
that the presesure drop from region 1 to region 3 was sub-
stantially constant for the entire panel. (See sec. A4,
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fig. 20.) 1In order to produce the .desired distridution of
the heated alir, therefore, the pressure drop from the out-
board heat-exchanger outlet to any point in region 1 had
to be constant. The spanwise pressure drop along region 1
was found to be too large if all of the heated alr were
admitted to the reglon at station 335, hence the alr was
suppllied in four tubes as shown in figure 2. The pressure
dror through the corrugation passages in the inboard-panel
leading edge was calculated to be 5 inches of water as
shown in section BB, flgure 20. This large drop wdas con-
sidered allowable because of the location of the heated-
alr-exit boles in a lovw-pressure region. Hor the empen-
nage group (fig. 23) the fin heated-alr gap was designed
larger than the stabllizer gan in order to approximately
compensate for the nressure drop in the stabilizer leading-
edge supvly duct.

Instrumentation of the B-24D Airvlane for Tests

Thermocouples, pressure orifices, and venturl meters
were included in the design of a portion of the B-2UD
airplane thermal ice-preventlion equipment in order to
measure the performance of the installation in flight
tests. The following factors were considered to be of in-
terest:

l, Quantity of air flov through the heat exchang-
ers and various parts of the equipment.

2, Temperature of the heated alr throughout the sys-
tem,

3. Temperatures of heated surfsces, namely, wing and
empennage outer surfaces, parts of the internal
structure, windshleld panels, and heat-exchanger
surfaces.

4}, Temperature of the exhaust gas.

He. Static and total pressure at the heat-exchanger
inlets, and statle pressure of the heated alr
throughout the system.

6. ZIxhaust-gas static-pressure drop through the heat
exchanger,

The quantity of alr flow was determined by the use of
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1  av

venturl meters. Four such meters were installed, as shown
in figure 2: one in the 5-inch supply line-from the right
outboard heat’ ‘exchanger, one in the 3-inch 1nboard-panel
supply line from the right inboard heat exchanger,. one in
the 2~inch supply diuct to the copilot's windshield, .and
one in the 6~inch supnly duct to the empennage (located
aft ¢of the Jjunction of the ducts from the 'Inmboard heat ex-
changers). The ratio.of the throat ‘dlameter to pipe diam-
eter for the venturi meters was 0.7.

All temperature readings. were obtained with iron-
constantan thermocouples and a Lewls potentiometer. The
identification drawing for the thermocouples is shown in
figure 25. The dash numbers following the thermocouple
numbers in figure 25 refer to the type of thermocouple
mounting, as detailed in figure 26. The Plexiglas shield
for type 5, figure 26, was required because -the thermo-
couple Junetion’ otherwise would move away from the outer
skin and protrude into the ambient alr stream.- Two thermo-
couples were located in the intake scoop of the right
inboard heat exchanger.

The locations of the pressure-measurement polnts are
shown in figure 27. A4ll measurements were of static
preossutres, with .the one exception-of-the total pressure in
the intake scoop of the right inboard heat exchanger.
Three total-pressure heads and two static-pressure heads
were distributed across the exchanger inlet because pre-
liminary flight tests. revealed & varlation in total head
in that region at low angles of attack. The dash numbers
followling the presaure—orifice numbers in ‘figure 27 refer
to the type of orifice mounting as: shown in figure 28.

All pressures, with the exception of the exhaust-gas
pressures, were referred to the total pressure from the
piltot-static airspeed heads located at the nose of the
alrplane. The pressure differentials were indicated dy
wator manometerg and alrspeed lndlcators. The absolute
values of the two exhaust-gas pressures were indicated dy
a manifold pressure gage. A calidration of the difference
between the statlic pressure at the airplane airspeed heads
and free-stream statlic pressure was obtained by suspending
a trailing static head from the alrplane., The static cal-
ibration of the alregpeed heads provided a basls for refer-
ring the test pressures to free-stream statlc pressure
and for determining the correct indicated airspeed of the
airplane.
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”PEEL;MINARY FLIGHT TESTS - RESULTS AND DISCUSSION

Preliminary f£lights bave been conducted with the B-3UD
eirnlane-to test the performance of the thermal ice-
prevention equipment. Supvlylng a quantity of heat to the
wing outer pansl. equal to apvroximately 65 percent of the
design quantity produced a temperature rise of the skin for-
ward of the front spar slightly in excess of the design
value, Indlcatlions are that the remainder of the thermal
lce~-proevention design will be equally satisfactory when heat
quantities apnroximating the design values are supmlied from
all four heat exchangers. Data on the nerformance tests of
the complete installation will be presented as a sunplemen-
tary report later.

Weight of Equipment

Calculations have been made to estimate the increase
in wveight of 'a B-24% airvlane resulting from the installa- "
tion of A production modification of the subject thermal
ice-prevention system. A study of a productipon.design
was considered more desirable than a presentation of the
welghts of thé B-24D airplane installation because that
installation is an experimental revision to an existing
alrplane and the weight factor was not given the consider-
atlon that it would recelve in a production design. The
calculations indicated that the weight of a B-24 airvlane
(not equipped for ice protection) would be increased ‘about
300 pounds by the installation of -thermal ice-nreveantion
equipment, Attentlon 1s called to the fact that the figure
of 300 pounds 1s subject to revision on the basis of main-
tenance and durablility requlirements as determined by the
manufacturer's experlence, The 300-pound weight of the
present equipment compares with the 230-nound welght of
the inflatable de-icer equipment that 4t renlaces. The
latter does not include windshield de-icing, however,

CONCLUSIONS

1, Yhermal ice-prevention eaquipment for the B-2UD
alrplene wings, empennage, and windshield 1ls structurally
feasible,

2. The thermal ice-prevention eculvment installation
will probadbly satisfy all design requirements.
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3. A modified production installatlon of the thermal

ico-prevontion systom would lncreaso tho wolght of a B-24
airplane (not oquippod for 1co protootion) about 300 pounds.

Anos Aoronauticsl Laboratory,

Natlional Advisory Oonnitteoc for Aoronautice,
Moffott Filiold, Callf.
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Figs. 4,5

Figure 4.-
Details of
the wing -
outer panel

- leading
edge of the
B-24D air-
plane during
alteration
for the
thermal ice-
prevention
equipment.
SHown are
the air gap
at the lead-
ing edge,
nose rib
construction,
and the baffle
support angles.

Figure 5.-
The right
wing outer
panel lead- _
ing edge .
for the B-24D @
airplane S § o !
after the : »
alterations ,
were e A 4 Ak
completed =ea Xy
for the in- -
stallation o
of the SO0 s 0 Rty s
thermal ice- -;‘ji3?'*_'ﬁ”
prevention SR L
equipment. iy,

The photo- SIS

graph shows e A~ A
the heated- :

air supply

inlet holes
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baffle plate.
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NACA Figs. 8,10
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Figure 8.- The left wing inboard panel leading edge of the
B-24D airplane shown during the installation of
the thermal ice-prevention equipment.
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Figure 10.- The horizontai stabilizer of the B-24D airplane

during the installation of thermal lice-preven -
t{ion equipment, showing the lightening holes in the nose ribs
through which the heated-air duct was installed. The stabil-
izer is viewed from above in this photograph.
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NACA Figs. 11,12

Figure 11.- The inboard side of the right vertical fin of the

B-24D airplane during the installation of the
thermal ice-prevention equipment, showing the plenum chamber
and air ducts running to the top and bottom of the fin,
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Figure 12.- The empennage group of the B-34D alirplane in
which provision has been made for thermal ice
prevention.
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NACA

Figure 14.- The pilot's air-heated windshield on the B-24D
airplane, showing the inner panel partially
removed.

Figure 15.- The pilot's air-heated windshield on the B-24D
airplane, with the inner panel secured in
position. '




NACA Figs. 16,17,18

- NACA
AAl=2352

Figure 17.- The exhaust-air heat ex-

changer installation on
the B-24D airplane in the right out-
board nacelle.

Figure 16.- A section of the B-24D airplane exhaust gas tail-
stack which has been converted to a fin-type surface
heat exchanger for use with the thermal ice-prevention equipment.

Figure 18.-

The heated-air
dump valve for
the right out-
board exchanger
on the B-24D
alrplane. The
position of the
electric motor-
operated valve
determines
whether or not
the heated air
enters the
thermal ice-
prevention
equipment.
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number (Nu) and Reynolds number . //)7
(Re) for air flow in pipes, (De¢ = diameter, : %
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rigu.re 23,- The results of the analysis of the thermal 1ce-prevention
equipment, showing the distribution of the heated air in

the empennage in the B-24D airplane.
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Flnure 24.- The relation between the friction factor and Reynolds number for flow of air in pipes,

(Dg = .diameter, ft)} a2nd in narrow gaps between parallel surfaces, (Dg = gap width, ft)
Taken from figure 8, reference 6.
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Figure 25.- The thermocounles which were inetalled on the B-24D airplane

and which were employed in studying the thermal qualities of
the ice-prevention equipment.
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Figure 27.— The pressure orifices which were installed on the B-24D air-
plane and which were employed in studying the thermal quali-

ties of the ice-prevention equipment.
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